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Abstract 
Electron-beam-induced current and cathodo-
luminescence are powerful tools for revealing and 
characterizing point-like defects, dislocations, 
and grain boundaries in semiconductor crystals. 
This paper reviews the theoretical studies 
of electron-beam-induced current and cathodolumi-
nescence contrasts from local structure defects 
of semiconductor crystals (the geometrical as-
pects of both contrasts, the assessment of the 
defect properties from the contrast, the evalua-
tion of bulk parameters in the presence of de-
fects, and time-resolved characterization of 
defects), including recent developments in this 
area. 
KEY WORDS: canning electron microscopy, elec-
tron-beam-induced current, cathodoluminescence, 
contrast, defects, dislocations, grain-bounda-
ries, time-resolved measurements. 
*Address for correspondence: 
A. Jakubowicz 
Max-Planck-Institut fur Festkorperforschung 
Heisenbergstr. 1, D-7000 Stuttgart 80 
Federal Republic of Germany 
Phone No. (0711) 6860379 
515 
Introduction 
The properties of semiconductor crystalline 
materials and devices depend strongly on the 
presence of electrically active defects in the 
materials. This implies the necessity of using 
special diagnostic methods which allow to detect 
and characterize such defects. Among SEM techni-
ques charge collection microscopy (CCM) and ca-
thodoluminescence (CL) have proven to be powerful 
tools for the investigation of material imperfec-
tions. Both techniques have been reviewed recent-
ly: CCM - by Leamy [42] and Holt and Lesniak 
[28 ], and CL - by Holt and Saba [29] and Yacobi 
and Holt [78 ]· 
Charge Collection Microscopy - Principles of 
Contrast Formation 
The SEM electron beam produces a quantity of 
electron-hole pairs in a semiconducting specimen. 
To detect them an electrical barrier (Schottky 
contact, p-n junction) is used (Fig. la and b). 
These carriers which are produced inside the 
electric field region of the barrier, and those 
which reach this region by diffusion, are separa-
ted giving rise to an electrical signal in the 
external circuit. A detailed theoretical analysis 
of the injected carrier transport, with steady-
state and time-dependent solutions, has been 
performed by van Roosbroeck [72 ]. Material imper-
fections of electrical nature are detected by 
measurement of variations in collected charge as 
a function of beam position. In this paper, only 
defects located outside the electrical field 
region of the collecting barrier are discussed. 
The barrier is assumed to be "ideal", i.e. such 
phenomena as microplasma formation [281 or bar-
rier thickness and electrical field modulation 
~1] are not taken into account. 
Both methods shown schematically in Fig. la 
and b presume the presence of a separate barrier. 
However, some defects can be detected by using 
for charge collection their own space charge 
regions (see Detection of Space Charge Regions). 
The mechanism of contrast formation is pre-
sented schematically for a point-like defect 
(Fig. le). Since the collected current is propor-
tional to the local recombination (sometimes also 
generation) rate for electron-hole pairs, one 
obtains a reduced signal when the beam comes 
close to a defect acting as a system of recom-
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bination centres. On the contrary, an enhanced 
signal is observed when the imperfection acts as 
a region of reduced recombination. It is conve-
nient to use the concept of the contrast profile 
(16 J 




where c(x,y) is the contrast profile, and Io and 
Id(x,y) are signals measured when the beam is 
located inf~ni~el 12far from the defect, and at a distance (x +y ) (see Fig. le), respectively. 
Usually the signals are short circuit currents 
(hence the popular name of the method: EBIC = 
electron-beam-induced current). Thus the theore-
tical problem is to calculate the total current 
collected by a Schottky contact or p-n junction 
as a function of the position of the electron 
Schottky contact or 






or shallow p-n j.Jnction (v5 = oo) 
ohmic conloct 
ffibc 




Fig. 1. Standard geometries used for CCM in-
vestigations of defects; the carriers are collec-
ted by a (al Schottky contact or shallow p-n 
junction, (bl p-n junction at depth z0, (cl sche-matic illustration of contrast formation for the 
structure (a). The thickness of the sample is 
assumed to be much greater than the minority 
carrier diffusion length. 
*See List of Symbols at the end of the paper. 
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beam relative to the defect. This can be done by 
using the general formula 
I = qD f a on ( r l I dP ( 2 l 
p ~ z=zo 
where q is the magnitude of electronic charge, D 
is the minority carrier diffusion coefficient, P 
is the area of the collecting barrier, on(rl is 
the density of excess minority carriers with r 
representing the coordinates in three dimensions, 
and z0 is the depth of the collecting barrier. The density on(r) obeys the continuity equation 
ov2 on(rl- - 1- on(rl +g(rl = o ( 3) 
T( f) 
where T(r) is the lifetime of minority carriers, 
and g(rl is the number of generated electron-hole 
pairs per unit time and volume. The collecting 
barrier is usually assumed to be a plane charac-
terized by a recombination velocity v = ~, i.e. 
one assumes the barrier to be a sink ~or minority 
carriers of infinite strength. The appropriate 
boundary condition is on = 0. For the structure 
from Fig. lb one needs an additional boundary 
condition at the surface: D( aon/az) = vson. In 
the particular case vs=~ one has again on= 0. 
Different approaches have been used for 
introducing the defect into the theoretical ana-
lysis. The choice of a quantity describing the 
defect depends on its geometry and its specific 
character. For example in polycrystalline solar 
cells it is reasonable to idealize grain bounda-
ries by planes having an effective minority car-
rier recombination velocity (by analogy to the 
surface recombination velocity), whereas in stu-
dies of minority carrier recombination at dislo-
cations it is reasonable to replace the disloca-
tion by a cylinder of an effective capture radius 
reff with on= 0 at the cylindrical surface. 
Briefly summarizing the approaches usually used 
in theoretical studies of EBIC contrast: point-
like defects (for example impurity clusters) and 
line defects (dislocations) have been treated as 
regions of a reduced minority carrier lifetime 
(diffusion length) or characterized by an effec-
tive capture radius, planar defects (grain boun-
daries) have been described by an effective mino-
rity carrier recombination velocity, and extended 
defects of more complex shapes have been regarded 
as consisting of the elementary defects mentioned 
above. 
An important quantity which must be defined 
for theoretical calculations of the contrast is 
the function g(r) describing the distribution of 
the generated electron-hole pairs. Again, the 
choice of g(r) depends on the considered problem. 
It is enough to assume a point source when the 
electron beam comes not to close to the defect or 
when the source is small enough. Otherwise an 
extended source should be taken into account. 
Although the actual form of g(r) is known, for 
mathematical convenience different approximate 
representations of g(rl are used, depending on 
the problem being considered. Many authors as-
sumed the source to be a sphere of finite dimen-
sions with g(f) being constant (for example see 
Ref. 16,45). For accurate quantitative evalua-
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tions it may be necessary to consider a more 
realistic source {for example a Gaussian source 
(21 J). 
EBIC Contrast of Point-Like Defects and Dis-
locations 
It is convenient to discuss the models for 
point-like defects and dislocations together, 
since in many theoretical studies both types of 
defects have been treated in a similar way. A 
simple expression for the contrast has been pro-
posed by Ioannou and Davidson (31 J. Assuming an 
ideal steady-state point source located at a 
distance h beneath the surface of a semi-infinite 
sample {Fig. le) and taking 
I0 = q g0 exp{-h/L) (4) 
where Lis the minority carrier diffusion length, 
and g0 the generation rate, they found by diffe-
rentiating equation (4) 
(5) 
where &. is the 1 ocal reduction of L. 
A similar approach for the geometry from Fig. lb 
yields (31] 





where z0 is the p-n junction depth. These expres-
sions predicted correctly the observed dependence 
of the contrast on the beam energy {the electron 
penetration depth was calculated by using the 
model of Kanaya and Okayama (37]. The applicabi-
lity of equations (5) and (6) is strongly limited 
since they do not predict full contrast profiles. 
There is no information about the depth of the 
defect and its geometry. Full contrast profiles 
have been calculated by Donolato (16]. He assumed 
the defect to be a bounded region, where the 
minority carrier 1 ifetime Td was lower than in 
the rest of the semiconductor. From a modified 
continuity equation 
Dv2 on{rl - ~ on{rl = -g{rl + 
[- 1- - l.] e{rl an{rl (7) 
Td{ rl T 
with T being the 1 ifetime in the unperturbed 
bulk, and 
__ {l for r inside the defect e{rl 
0 elsewhere 
he derived the density of the excess minority 
carriers in a first-order approximation, i.e. the 
defect was treated as a small perturbation. For 
the geometry from Fig. le, assuming a point de-
fect, and a uniform generation sphere tangent to 
the surface {an approximation frequently used for 
silicon) he obtained a relation of the type 
c = Yd f { b , R , H , L ) (8) 
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where yd = l. {L - l.) is the "defect strength", b D Td T 
is the distance between the source and the de-
fect, R is the primary electron range, and His 
the depth of the defect. Equation (8) says that 
the contrast is a linear function of the defect 
strength. The function f{b,R,H,L) describes the 
geometrical aspects of the contrast {b,R,H) and 
characterizes the recombination properties of the 
material {L). For realistic values H = 2 µm, L 
10 µm, and for typical R values between 0.8 µm to 
10 µm {for silicon) Donolato has obtained from 
equation (8) the contrast profiles reported in 





0 -8 6 8 x(µm) 
Fig. 2. Calculated contrast profiles for differ-
ent primary electron ranges R for a point defect 
at a depth H = 2 µm, and bulk diffusion 1 ength L 
= 10 µm; the defect and the center of the excited 
volume are in the plane y = 0 {Fig. 2 in Ref. 
16). 
important relations: a) the contrast magnitude 
and b) the resolution of the image defined by its 
half-width w, as a function of the electron beam 
energy and depth of the defect {Fig. 3). One can 
see in Fig. 3 that the beam energy that gives the 
greatest contrast will also give, to a good ap-
proximation, the best resolution. The curves in 
Fig. 3 have been calculated for L = 00 • It follows 
from Fig. 3 that the spatial resolution of SEM-
EBIC images of defects is not limited by the 
minority carrier diffusion length. The last pro-
perty can be explained by the three dimensional 
nature of the minority carrier diffusion. For a 
small localized defect the resolution is limited 
by the defect depth or the extension of the 
generation region, whichever is the greatest 
(17 ]. 
The linear character of Donolato's model 
allows to use the point defect solution for 
treating extended defects as a sum of elementary 
point defect contributions (18 ]. Assuming, for 
example, that dislocations are represented as 















7 8 9 100 
Fig. 3. Contrast and resolution of the image of 
a point defect versus normalized electron range 
for the limit case of L = 00 (Fig. 3 in Ref. 16). 
continuous distributions of point defects one 
finds for a dislocation perpendicular to the 
surface (using the geometry from Fig. le) that 
the image width of the dislocation is of the 
order of the electron range R, even for very 
large values of L, which agrees with experimental 
findings [18 ]. Fig. 4a shows this result for 
silicon. The contrast magnitude calculated for 
various electron ranges and diffusion lengths is 
shown in Fig. 4b. The different contrast behavior 
of a perpendicular dislocation and a small local-
ized defect (compare Figs. 3 and 4b) gives a 
practical method for establishing whether an 
image feature corresponds to a dislocation or to 
a subsurface localized defect [18]. Theoretical 
calculations of dislocation contrast profiles 
were performed by several authors. The aim was to 
find solutions for different geometrical configu-
rations important in practical situations 
[18,23,20,22,4,39, 56-59,3,9,36 ]. A general 
formula for treating a dislocation in both 
geometries from Fig. 1 has the form [24] 
c = y [L J&10 (rl ~(zl dY] (9) 
Io y 
here y = rrl/Td (£.is the radius of the disloca-
tion), on0(r) is the unperturbed distribution of 
excess minority carriers (for the first order 
approximation: &1(r) " lllo(r) ), ~(zl is the car-
rier collection probability (for the geometry 
from Fig. le, for instance, ~(z) =exp(-z/L)), 
and Y is the length of the dislocation. 
Donolato, considering a dislocation parallel 
to the surface for the structure from Fig. lb, 
observed a strong influence of the surface re-
combination velocity v on both the contrast 
magnitude and the resotution r20J. A low value of 
v
5 
generally enhances the contrast, but reduces 
the resolution. In thin samples, as used for 
combined SEM/TEM observations, both surface re-
combination velocity and thickness influence the 
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contrast and the image width [20]. In such 
samples bulk recombination, and at high beam 
energies also the lateral spread of the beam, can 
be neglected. Better resolution is therefore 
expected for smaller thicknesses and higher 
values of the surface recombination velocity. The 
image contrast increases for smaller sample 
thicknesses and lower surface recombination velo-
cities. 
Contrast profiles for inclined dislocations 
were calculated in Refs. [23,39,3,36 ]. Beer et 
al. [3] presented contours of equal contrast for 
dislocations. In Fig. 5 such contours are given 
for a dislocation in Si, having an inclination 
angle 20°. Good agreement with experimental con-
tours was obtained by assuming that the contrast 
geometry is merely a function of the minimum 
distance bmin between the excitation volume cen-
ter and the dislocation line (see Fig. 5). Con-
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Fig. 4. (a) Resolution and (bl contrast of the 
EBIC image of a straight dislocation perpendicu-
lar to the surface versus electron range for 
different values of bulk diffusion length. The 
upper horizontal axes give the corresponding beam 
energies for silicon (Fig. 2 in Ref. 18). 
Theory of EBIC and Cathodoluminescence Contrasts 
el. beam 
Schottky contact 
Fig. 5. Experimental and calculated (dashed 
lines) EBIC contrast contours of a dislocation in 
Si having an inclination angle 8 = 20° with 
respect to the surface; L = 30 µ11. The upper part 
of the figure is a schematic representation of 
the geometry used for calculations; bi is the 
minimum distance between the center or ~he source 
and the dislocation (the contrast contours are 
from Fig. 4 in Ref. 3). 
tour mapping gives a good impression on geometri-
cal features and the range of activity of crystal 
defects. The approach of Beer et al. does not 
result in a new contrast model, alternative to 
that of Donolato. It only uses a geometrical 
hypothesis which allows to obtain a good fit to 
experimental contours. A good fit, however, seems 
also to be possible by taking into account the 
effects due to the depleted layer of the collec-
ting barrier [23]. In addition, such an approach 
would have an important advantage; it would re-
flect better the realistic situation. 
Computer simulation yields a method for 
gaining accurate information on the shape and 
depth of defects having more complex forms. Half-
tone SEM-EBIC images have been produced by compu-
ter simulation for dislocations and stacking 
faults [19 ]. Figs. 6a and b show a simulated 
image and a Schottky barrier image, respectively, 
of an oxidation induced stacking fault in (100) 
Si. The contrast arises from the bounding partial 
dislocation shown in Fig. 6c. It is conceivable 
that on-line computer processing of EBIC images 
at different beam energies will allow to obtain 
the "electrical shape" of defects with unknown 
structure. 
Sensitivity of EBIC 
Donolato's model, which regards the defect 
as a small perturbation, yields an expression for 
the contrast, which has generally the form 
c = r F (R,L, geometry) (10) 
with r being the strength of a point-like or line 










Fig. 6. (a) com-
puter simulated 
and ( b) experi-
mental (at beam 
energy 25 keV) 
EBIC images of an 
oxidation induced 
stacking fault in 
(100) Si, (c) sche-
matic representa-
tion of the stack-
ing fault (Courtesy 
of C. Donolato and 
H. Klann, see Ref. 
19). 
which describes the material properties (L), the 
source (R) and the geometry of the system. For 
point-like defects one has [39,40] 




with R. being the dimension of the defect. If Ld 
<< L the defect strength is mainly determined 5y 
the recombination proper 3ies of the defect (Ld) and the defect volume ( R. ) • For 1 i ne-shaped de-
fects regarded as pipes with small diameter the 
defect strength [39,40] 
r = i- (L - .Li 
R. L2 L2 
d 
(12) 
is proportional to cross-section t 2• . 
For the interpretation of EBIC contrasts 1t 
is important to estimate the sensitivity of the 
EBIC technique. There is, for example, evidence 
that dislocations with impurity atmospheres show 
much stronger contrast than "clean" dislocations 
[39]. An estimation of the sensitivity of the 
EBIC method has been done by assuming the defect 
to consist of statistically distributed non-
interacting recombination centres. Combining 
equati?2s (10)-(12) with th~ 1known_relations ~d ( TdD) and Td = ( Nd ad 'th) ( Nd 1 s the dens 1 ty 
of recombination centre~, ad is their captu~e 
cross-section, and "tb 1s tne thermal velocity of 
the minority carriers), and taking Ld<< L (to 
estimate the maximum sensitivity) one obtains the 
minimal detectable number of centres for the 
A. Jakubowicz 
point-like defect nd mi and the minimal detec-
table line density f~r ?ine-shaped defects ed,min 
(39 l 
nd,min 
C • D e _ m, n 
d,min - -F- va 
opt th d 
( 13) 
where Fopt is the appropriate geometrical factor 
selectea for optimum imaging conditions, and cmin 
is the minimum contrast still detectable. cm; 
depends on the signal/noise ratio and for a s~~n-
dard EBIC circuitry has a value cmin .. 5 x 10-
(39]. From equation (13) it has been found that 
the detection limit for a cluster or4su2h impuri-ties 1 ike Au and Cu in Si ( od .. 10- cm ) amounts 
to a few hundred atoms (39 ]. For "clean" disloca-
tions, by interpreting the fgco2bination centres 
as dangling bonds ( od " 10- 4cm i one needs a line density ed min .. 2 x 10 iJll- to be detected 
(39]. Since the'expec~ed maxirl line density of 
dangling bonds is ed - 5 x 10 iJll- , "clean" dis-
locations may be difficult to detect. For decora-
ted dislocations even a small content of deep 
impurity centres is sufficient to make the dis-
location detectable. 
Non-Linear Behavior of EBIC Contrast 
To examine the accuracy of the first-order 
approximation model of Donolato [16] Pasemann 
performed calculations of the correction due to 
higher order approximations (56,59,58] (the first 
-order approximation does not take into account 
the reduction of the orig1nal excess minority 
carrier density around the defect). He has shown 
the contrast of a dislocation parallel to the 
collecting plane to have the form (56] 
(14) 
where c1 is the first-order approximation, and k 
is a non-linear contribution to the contrast 
depending on: a) the geometry of the sample, b) 
the surface recombination velocity, c) the posi-
tion of the dislocation in the sample, and d) the 
type of the dislocation. One can preserve the 
"first-order approximation notation" given by 
equation (9), by introducing a corrected effec-
tive recombination strength Yeff of the defect 
[24 ]. The relative error of tne first-order ap-
proximation, equal to k, does not exceed 100%. It 
is smaller for weaker defects, and for defects 
located close to a boundary with a high recombi-
nation velocity (for example to the collecting 
barrier). The latter is a consequence of the fact 
that an absorbing boundary weakens the sink 
action of the defect. 
The main result of Pasemann's calculation is 
the non-linear behavior of the EBIC contrast 
related to the parameter which characterizes 
directly the recombination activity of the de-
fect. The contrast is no longer a product of two 
"pure" factors: the one describing only the re-
combination activity of the defect, and the other 
one which describes the geometry only, as it is 
predicted by Donolato's model (16 ]. It may be, 
therefore, difficult to interpret an EBIC experi-
ment with a non-constant defect strength. Imagine 
two defects having identical recombination pro-
perties but different geometrical positions. 
Applying the linear relation (10) one can elimi-
nate the geometric factor by normalizing the 
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contrast 
C =L=L norm c0 r0 
(15) 
and thus making the contrast function [cnorm = 
f( r) l i den ti cal for both defects. In the non-
1 i near case the normalized contrast still depends 
on the geometric factor, and will therefore be 
different for both defects. In fact, EBIC con-
trast vs temperature measurements performed for 
individual dislocations in Si have shown that 
different dislocations of the same type may have 
different temperature characteristics [55,60,27]. 
A non-linear model which assumes a different 
definition of the defect has been developed by 
Jakubowicz [32 ]. An EBIC experiment detects a 
decrease of the current when the beam comes close 
to the defect. For a point-like defect or a dis-
location the strength of the defect sink action 
depends on a) the radius of the defect, b) the 
density of recombination centres, c) the charac-
ter of the recombination process, d) the charge 
state of the defect, and ei the velocity of car-
riers. Two defects differing in these parameters 
may still act as a sink of the same strength, 
when an appropriate combination of a-e remains 
constant. Hence it is reasonable to describe the 
defect by one quantity: an effective capture 
radius reff• For a dislocation, for example (Fig. 
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Fig. 7. (a) Schematic representation of a dis-
location of radius r0, and the equivalent dis-
location characterized by an effective capture 
radius reff• (b) band diagram of a negatively 
charged a1slocation in n-type material; EF is the 
Fermi energy and ~ is the barrier height. 
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existent cylindrical surface absorbing all excess 
minority carriers. In fact there is no sharp 
boundary between the dislocation and the matrix. 
The sink action of a dislocation begins by at-
tracting minority carriers due to the charge of 
the dislocation (Fig. 7b), and is then followed 
by their recombination at the dislocation recom-
bination centres. For an elementary point-like 
defect problem and the geometry from Fig. le 
Jakubowicz obtained ~2] 
c = f 1(reff,b,h,H,L) f 2(b,h,H,L) (16a) 
f 1 is a non-linear function of reff• As shown in 
(32 ] for sma 11 capture radii f 1 reduces to a very 
simple form 
(16b) 
f 1 shows explicitly the non-linear dependence of 
tne contrast on reff· The function f2, describing 
the geometrical aspects of the contrast, is iden-
tical with the one resulting from Donolato's 
first-order approximation calculations (16]. Thus 
the essential conclusions of the linear contrast 
model concerning the geometrical form of the 
defect, its position in the bulk, and also some 
recombination properties are preserved with quan-
titative corrections due to the geometrical para-
meters involved in f 1 (see eq. 16a). On the 
other hand the strong non- linear dependence on 
reff, and the presence of geometrical parameters 
in f 1, explain the results of EBIC contrast vs 
temperature measurements [55]. 
Jakubowicz's model suggests the possibility 
to deduce from EBIC measurements directly the 
capture radius, which is the parameter usually 
used to characterize defects, and consequently 
the recombination efficiency of defects r14 J. 
Within the framework of Jakubowicz's model 
one cannot treat strictly the inside of the de-
fect. However, if the size of the defect is much 
less than the size of the region excited by the 
beam one can safely neglect the fraction of car-
riers generated inside the defect region. For 
larger defects, but still less than the excited 
volume, one can improve the accuracy by introdu-
cing a fitting parameter describing which effec-
tive portion of carriers, generated inside the 
defect, contributes to the signal. 
Non-linear models may provide difficulties 
in treating exactly defects having complex 
shapes. In a linear model the integral effect of 
the defect is simply the sum of elementary, for 
example point-like, contributions over the whole 
volume of the defect. The situation complicates 
if a non-linear approach is applied. Appropriate 
approximations may then become necessary (see for 
example r2,36 ]). 
Characterization of Recombination Processes at 
lnd1v1dual D1slocat1ons 
EBIC offers a poss161l1ty of a detailed cha-
racterization of the recombination processes at a 
defect by measuring the variation of the contrast 
as a function of a parameter which determines the 
defect capture radius. Kimerling et al. r38], 
Ourmazd and Booker ~3,54 ], and Cheng (10] have 
shown that from EBIC contrast versus temperature 
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measurements one can deduce the position of the 
defect energy level. Ourmazd [54] developed a 
theoretical model relating the contrast of an 
individual dislocation to the temperature by 
assuming a two stage recombination process. For 
an edge dislocation in heavily doped Si he esti-
mated from the plot ln c = f(l/T) the activation 
energy for a shallow energy level in the band 
gap, involved in recombination. From the slope of 
ln c = f(l/T) at low temperatures he was able to 
deduce the charge state of the dislocation. 
EBIC Contrast of Grain Boundaries 
A possibility of modeling a grain boundary 
for EBIC investigations is to regard it as a 
region of a reduced minority carrier diffusion 
length. von Roos assumed the diffusion length to 
be dependent on the distance from the grain boun-
dary as [70] 
L = X 
X [(f-)2 + p(p-1) ]1/2 
( 17) 
with p being an adjustable parameter. Equation 
(17) signifies a decreasing diffusion length 
toward the grain boundary. The particular choice 
for Lx was dictated by the fact that the diffu-
sion equation could be solved in closed form. 
This model seems impracticable since it uses a 
non-physical quantity (p), and is very intricate. 
It is also not applicable when the grain boundary 
is an abrupt transition between adjacent grains 
(within several atomic layers). On the other 
hand, modeling of grain boundaries by an appro-
priate function L(x) seems reasonable when 
they are surrounded by clouds of point defects, 
dislocations and/or denuded zones. 
A grain boundary represented as a two-dimen-
sional surface of recombination centers perpendi-
cular to the collection plane was treated by 
Marek [45] and Dimitriadis (15 ]. The influence of 
the grain boundary on the minority carrier di-
stribution was considered as a perturbation. 
Marek used the point-like defect solution (16), 
and by a numerical two-dimensional integration he 
obtained EBIC contrast profiles. Fig. 8 shows the 
maximum contrast as a function of the beam ener-
gy, calculated for a homogeneous generation 
sphere, touching the surface of a semi-infinite 
silicon sample. As the generation sphere increa-
ses, the carriers have to diffuse over larger 
distances to be collected at the surface. There-
fore the probability of recombining at the grain 
boundary becomes larger. The same explanation 
holds for the contrast increase with increasing 
diffusion length. The situation changes for small 
diffusion lengths. Now the grain boundary absorbs 
carriers only from its close vicinity. Thus, with 
the increase of the generation sphere the frac-
tion of carriers which does not recombine at the 
grain boundary increases, and the resulting con-
trast reduces. The maximum contrast for a given 
diffusion length appears roughly when the diffu-
sion length equals the radius of the generation 
sphere. Since the contrast profiles show a strong 
dependence on the diffusion length of the adja-
cent grains, the latter can be measured through 
linescans perpendicular to the grain boundary. 
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Fig. 8. Calculated maximum contrast of a semi-
infinite grain boundary normal to the x axis, for 
diffusion lengths between 1 µm and 200 µm, and a 
homogeneous generation sphere touching the sur-
face of a semi-infinite silicon sample (Fig. 3 in 
Ref. 45). 
Marek (45] proposed the determination of L from 
the half width of contrast profiles. 
A simple analytical expression for the con-
trast, assuming large diffusion lengths (L >> h), 
has been derived recently by Dimitriadis (15], 
For large enough distances x ~ L 
v Ll/2 h - f-
c = 1 - _l_ g.b. her- _e__ (18) 
2/2 n D X 1/2 
where vg.b. [cm s- 1 J is the recombination veloci-
ty at the grain boundary. Equation (18) can be 
used to a qui1~2determination of L from the plot of ln[(l-c)x ] versus x, being a straight line 
(L = ..:1/slope). 
The purpose of quantitative EBIC studies of 
grain boundaries is to determine with high accu-
racy the recombination velocity at the grain 
boundary vg.b. and the diffusion length in the 
grains L. In a general case the simple equation 
(18) is not sufficient. More complex relations 
have been obtained by several authors [6, 7 ,25, 
64,65,66,80]. The calculation difficulties are 
due to the complex geometry of the system con-
sisting of two perpendicular planes (the grain 
boundary with the boundary condition D(aon/az) 
v b on, and the collection plane) and an exten-
d~a non-homogeneous source. The importance of 
considering a realistic excitation volume, parti-
cularly at small distances x, was discussed in 
(6,25,65,80 ]. For Si, only at distances x greater 
than two excitation-volume radii, an accuracy 
better than ten percent can be expected for a 
point-source approximation J6]. Accurate measure-
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Fig. 9. Diagram relating area and standard devi-
ation of EBIC contrast profile of a grain boun-
dary to the interface recombination velocity 
vg.b. and bulk diffusion length (Fig.5 in Ref. 
25). 
and theoretical EBIC responses. An elegant gra-
phical procedure which allows a simultaneous 
determination of vg b and L from the area of the 
contrast profile · · 
+., 
A = J., c(x) dx ( 19a) 
and the variance a2 ( giving the profile spread) 
a2 = l j°' x 2 c( x) dx ( 19b) A_., 
was developed by Donolato (25 ]. Fig. 9 shows 
Donolato's diagram for the evaluation of vq b 
and L. Since R is known, and A and a can be·ae-
rived from the contrast profile, one can deter-
mine both v b and L from Fig. 9. By interfacing 
a microcomp3ter to the SEM an automatic evalua-
tion of vg.b. and L is possible (26 ]· 
Quantitative evaluation of grain boundaries 
becomes difficult in polycrystalline materials 
with grain sizes comparable or less than the 
diffusion length in the singular grains. In such 
materials EBIC response of a grain boundary is 
affected by the neighbour boundaries (75,44 ]. 
Calculations for two parallel boundaries have 
shown that the grain boundary with the smaller 
effective recombination velocity becomes less and 
less visible the smaller the distance between the 
boundaries (44 ]. The EBIC current in such a sy-
stem depends on the grain size, the diffusion 
length in the grain, the distance of the genera-
tion volume from the grain boundary, the depth of 
the generation volume, and the grain boundary 
recombination velocities. 
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The EBIC contrast profile becomes asymmetric 
when two adjacent grains have different diffusion 
lengths [71 ]. This is illustrated in Fig. 10. The 
minimum of the EBIC signal is shifted away from 
the grain boundary toward the region with shorter 
diffusion length, and it disappears altogether 
for amall surface recombinat~on velocities (v0 .b. < 10 cm/s}. Its magnitude differs markedly from 
those calculated for equal diffusion lengths. 
These effects become negligible for large recom-
bination velocities at grain boundaries ~for~-
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Fig. 10. Normalized EBIC profiles for a semi-
infinite grain boundary in Si, normal to the x 
axis; the adjacent grains have different diffu-





10 cm/s, ~urve 2: v0.b = 3x10 cm/s, 3
curve j: 
v0.b. = 10 cm/s, cu3ve ~: vQ.b. 3x10 cm/s, carve 5: vg b. = 10 cm/s2 Tne profiles have been calculated ror D = 30 cm/sand beam energy 30 




-.!- 15 -~ x .. E 10 u 
5 
0 
1611 1610 10-9 
electron beam current (A) 
Fig. 11. Maximum contrast versus electron beam 
current, measured at the grain boundary of a 
p-type Si bicrystal at beam energy 35 keV 




Effective and True Recombination Velocity 
Ihe quantity v b is an effective recombi-
nation velocity forgminority carriers at the edge 
of the grain boundary space charge region. The 
"true" value of the recombination velocity at the 
grain boundary traps, has to take into account 
the presence of the barrier associated with the 
grain boundary charge (8,73 ]. For example, Card 
and Yang (8] found 
_ eff = l "true" q,/kT 
vg.b. = vg.b. 2 vg.b. e (20) 
where cJ> is the barrier_height. In_general, vg.b. 
depends on !he excitation level, i.e. on the 
excess carrier density. This is because the cap-
ture of minority carriers by the grain boundary 
traps reduces the net charge at the grain boun-
dary traps, and conse~vfntly cJ>· Since the EBIC 
contrast depends on v b one obtains different 
EBIC contrast profile~·at different excitation 
conditions (accelerating voltage, beam current). 
Fig. 11 shows the maximum contrast (measured at 
the grain boundary) as a function of the electron 
beam current. The contrast reduces at higher 
excitation le¥fls. From the above it is also 
clear that ve b changes with distance x from 
the grain boanaary. This problem was treated in 
detail by Sundaresan et al. (76 ]. In order to 
minimize non-linear effects one should work at 
excitation levels as low as possible. 
The problem of the excitation dependent 
effective recombination velocity in EBIC experi-
ments concerns dislocations, too. Only recently 
Wilshaw and Booker [77] presented calculations 
and experimental results for the dependence of 
EBIC contrast on the beam current. The contrast 
decreases with increasing beam current that indi-
cates a decrease of the effective recombination 
velocity with increasing excitation level. 
Detection of Local Interface Defects 
In realistic situations interfaces are not 
perfect. For example, EBIC images of grain boun-
daries in polycrystalline Si show frequently 
locally enhanced or reduced brightness. This is 
due to the presence of dislocation conglomera-
tions, impurity clusters, and structural diffe-
rences of the grain boundaries. Romanowski [68] 
recently developed a method which allows to esti-
mate the strength of such defects. The method 
uses a perturbative treatment. Romanowski assumed 
the boundary condition at the grain boundary to 
be of the form D( un/ az) = v0.b. o~ + ,wg.b. on, where tiv b is a small pertarbation of v b . He 
also con~idered a small defect near the g~ain 
boundary represented as a local reduction of the 
diffusion length L by tL. Assuming that til/L is 
equal to tiv b /v b he has shown that a local 
defect loca~ed 0 cl2se·to the grain boundary yields 
a stronger EBIC contrast than a local variation 
of the grain boundary recombination velocity. 
Detection of Space Charge Regions 
This method uses for charge collection the 
defect's own space charge region [47,481. Fig. 12 
represents schematically the expected EBIC con-
trast profile of a symmetric grain boundary, when 
the signal is measured by using two ohmic con-
tacts at the adjacent grains. In this method the 
A. Jakubowicz 
space charge region of the investigated grain 
boundary is used to separate the electron-hole 
pairs. Since the electric field directions on 
both sides of the grain boundary are opposite, 
the EBIC signal changes its sign, when the elec-
tron beam crosses the grain boundary. The signal 
reaches its maximum when the generation volume 
lies completely on one side of the boundary. The 
profile from Fig. 12 loses its symmetry when the 
0 
electron 
excitation \I beam 
volume "'- -ij-.., groin bouldary 
" space-charge Lto display iayers bias 
voltage-!. 





Fig. 12. Schematic circuit for detection of the 
space charge regions associated with the grain 
boundary, and the EBIC profile across a symmetric 
grain boundary (Fig. 1 in Ref. 79). 
grain boundary is asymmetric or when a bias vol-
tage is applied. Ziegler et al. [79] discussed 
the contrast behavior for asymmetric grain boun-
daries. In their model the grain boundary behaves 
like two back-to-back Schottky diodes separated 
by a layer of very small but finite thickness. 
These Schottky barriers will have different 
heights when the charges at both sides of the 
thin layer differ. The authors proposed a method 
for calculation of the EBIC current across the 
grain boundary. 
Matare and Laakso [47,48] applied this tech-
nique to detect space charges at grain boundaries 
and isolated dislocations. 
Cathodoluminescence Contrast of Localized Defects 
In the CL mode of the SEM the image is 
formed by detecting the light emitted by the 
sample, which is the product of radiative recom-
bination processes. Since both EBIC and CL ima-
ging are based on local variations of recombina-
tion properties of the material and both methods 
offer a similar spatial resolution (~liJTI), they 
can be treated as comparable. On the other hand 
the different signals being measured (current and 
light, respectively) make them complementary. 
Whereas the theoretical aspects of EBIC defect 
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imaging have been studied intensively for the 
last several years, much less attention has been 
paid to the theory of CL contrast. 
The only difference in the geometrical con-
figuration between the EBIC and CL modes is the 
presence of the Schottky contact in the EBIC 
mode, which is applied for charge collection. In 
the case of CL, the total intensity of radiation 
coming out through the surface is measured, and 
the surface is characterized by the recombination 
velocity v . If vs """• which occurs usually, 
both geome~ ri es become i dent i ca 1 • In a 1 i near 
approach the CL intensity versus electron beam 
position is given by [43] 
CL ~ f FA FR rcL(r) on(r) dV (21) 
V 
where FA and FR are correction functions for 
reabsorption losses inside the material, and 
reflection losses at the surface, respectively, 
'tL is the internal quantum efficiency of the 
material, and Vis the volume of the sample. 
Recombination processes are characterized by 
appropriate recombination times. In general, when 
both radiative and nonradiative recombination 
occur, the observable recombination time (mino-
rity carrier 1 ifetime) is 
(22) 
where T and Tn are the radiative and nonradia-
tive lifetimes, respectively. Assume the material 
is characterized by a constant optical absorption 
coefficient a. The CL contrast may be due to two 
reasons. One originates in spatial variations in 
Tr at a practically constant total lifetime. This 
type of CL contrast occurs when nonradiative 
processes are dominant in the material, i.e. Tn 
<< Tr· Since there is no spatial variation in T, 
this situation does not yield a contrast in the 
EBIC image. The second type of CL contrast is due 
to variations in Tn either at a constant value of 
Tr, or when Tn<< Tr· The contrast is then the 
result of a modified excess carrier distribution 
due to the presence of the defect. 
Lehnert and Kuba 1 ek [43 ] studied CL contrast 
profiles for localized nonradiative defects re-
garded as a small perturbation of T• Their 
approach is similar to the one of Donolato [16, 
18] for the EBIC problem. By numerical calcula-
tions for a threading dislocation at right angle 
to a surface of infinite recombination velocity 
they found an exponential decay of the CL con-
trast at sufficient distance from the dislocation 
with a decay constant of 0.63 minority carrier 
diffusion lengths. They suggested a method for 
measuring the minority carrier diffusion length 
without any electrical contacts to the specimen. 
They have also shown that the decisive factor for 
the contrast formation is not the reduction of 
the quantum efficiency 'tL in the defect vo 1 ume, 
but the overall reduction of the excess carrier 
density due to enhanced nonradiative recombina-
tion. Taking advantage of this finding Jakubowicz 
r36] has recently given an analytical solution 
for the CL contrast profile at sufficient di-
stance from an individual point-like defect, 
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which takes into account the influence of an 
arbitrary recombination at the surface and the 
internal optical absorption. Its general form is 
The function f 1 describes the dependence on the 
defect strengtn (reff = capture radius). Since 
geometrical and material parameters are also 
involved in f 1, the contrast depends on the cap-
ture radius of the defect in a complex manner and 
is generally a non-linear function of reff• f 1 
can be regarded as an effective defect strength. 
For weak defects f 1 reduces to 
fl = ¥ /eff/L (24) 
and is identical with the appropriate function 
given by equation (16b) for the EBIC contrast. 
The function f 2 characterizes the material and 
the geometry of the system. 
Comparison of CL and EBIC Contrasts 
In many practical situations the recombina-
tion rate at the surface is much higher than in 
the bulk. On the other hand one has an infinite 
surface recombination velocity in a standard EBIC 
geometry with a Schottky contact (see Fig. le). 
Thus, the CL and EBIC modes become complementary 
methods. For a point-like defect and a point-like 
source the following relation is valid [36] 
(25) 
where 
-H( a - f) 
0 = 1 - e 
1 _ e-h ( a - r-l 
(26) 
Equation (26) says that in the simple case of a 
point-like defect and source it depends on their 
depths, which of both contrasts is larger: cCL > 
CEBIC if H > h, and CcL < CEBIC if H < h. There 
are two cases when both contrasts are equal: (1) 
H = h, (2) a» 1/L. Equations (25) and (26) 
suggest a simple method of testing the depth at 
which the defect is located. If the coefficient 
of optical absorption, the diffusion length, and 
the penetration depth of the beam are known one 
can find the position of the defect by comparing 
CL and EBIC contrasts at any distance from the 
defect. 
A useful feature of e is its independence of 
the defect strength. Thus, as long as ccL/cEBIC = 
const., any contrast differences at the EBIC or 
CL micrograph are due to variations of the defect 
strength. This will hold for extended defects in 
some cases, too. Assuming for a dislocation pa-
rallel to the surface that the main contribution 
to both CL and EBIC contrasts comes from the part 
of the dislocation being closest to the source 
one should be able to reconstruct its "electrical 
shape". The EBIC and CL contrast magnitudes will 
change in two cases: (1) when a dislocation seg-
ment is at a different depth or (2) when a local 
variation of the defect strength occurs. Again if 
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ccL/cEBlC = const. a contrast non- uniformity can 
be attr,outed to a local variation of recombi-
nation properties. This "simple" test may become 
together with TEM an interesting extension of the 
CL method for studying decoration effects at 
dislocations (decoration effects at dislocations 
can be studied by analysing the changes of the CL 
spectra of the dislocation and its surrounding) 
or for detecting differences in the recombination 
behavior of "clean" dislocations, due to their 
structural properties. 
Numerical calculations for inclined disloca-
tions show that the maxima of CL and EBIC con-
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Fig. 13. Calculated CL and EBIC contrast profiles 
for a straight semi-infinite dislocation lying in 
the plane y = 0 at an angle s = 30° to the sur-
face (collecting plane), and intersecting the 
surface at the center of the coordinate system. 
The electron beam also moves in the plane y2= o1 Calculations have been performed for a= 10 cm- , 
vs = 00 , L = 5 iJTI, R = 5 iJTI, reff = 100 A (Fig. 
4c i n Ref . 36) . 
Thus for an observer comparing a CL and EBIC 
micrograph details may seem to be displaced. This 
"displacement" depends on the surface recombina-
tion velocity and the optical absorption coeffi-
cient. A consequence of the latter is that a CL 
micrograph taken at a singular frequency of 
emitted radiation may show better resolution than 
the same micrograph obtained by using the inte-
gral CL signal. One should also be careful, when 
interpreting an experiment performed in condi-
tions with a not being constant. 
A theoretical study similar to the above has 
been performed recently by Pasemann and Hergert 
[61 ]. These authors have proposed a CL/EBIC 
method for the determination of the depth of a 
lattice defect. As an example they have chosen a 
dislocation parallel to the surface. 
At the moment there is no convincing ex-
perimental evidence for the validity of the 
theoretical findings discussed in this section. 
However differences between CL and EBIC micro-
graphs were observed. A careful observation of 
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Fig. 4 in Ref. 11, presenting CL and EBIC pic-
tures from the same area of a GaP layer, reveals 
significant differences at the individual (cor-
responding to each other) black spots. There are 
also preliminary results of a simultaneous 
CL/EBIC experiment at dislocations in GaAs (pre-
sented by Jakubowicz at the Fourteenth Inter-
national Conference on Defects in Semiconductors, 
Paris, 1986). These results are consistent with 
theoretical findings. 
In the above considerations it has been 
assumed that both CL and EBIC contrasts are due 
to enhanced non-radiative recombination at the 
defect. The situation complicates when both ra-
diative and non-radiative transitions contribute 
to the CL contrast. For example, the CL contrast 
may change opposite to the EBIC contrast if a 
particular radiative recombination process either 
appears or vanishes (this is often observed in 
CL/EBIC versus temperature measurements). 
Time-Dependent EBIC and CL Measurements in 
Presence of Localized Defects 
There are at least two reasons to perform 
time-dependent measurements at localized defects. 
First, the rise and decay times of EBIC and CL 
signals after respectively switching on and off 
the electron beam depend directly on the minority 
carrier lifetime. Thus, from a time-dependent 
measurement one obtains immediately the recombi-
nation efficiency of the defect [14] 
17 = ( 1 - 2Q_) X 100% 
T 
(27) 
where Td is the lifetime measured at the defect, 
and Tis the bulk lifetime. In DC measurements, 
lifetimes are deduced from the 9~ffusion lengths 
by using the relation L = (DT)1 , and by as-
suming D to be known and constant. Second, the 
possibility of a direct determination of Td• 
provides together with DC measurements a method 
of determination of D (the diffusion constant D 
around a defect may differ from its bulk value). 
CL time-dependent measurements at individual 
dislocations and grain boundaries were performed 
by several authors [74,12,13,51 J. The lifetimes 
associated with individual defects were deduced 
by comparing CL decays measured far from and at 
the defects. Romanowski and Wittry [69 J used 
rise-times of the EBIC signal to estimate life-
times at individual grain boundaries in polycry-
stalline Si. Only in recent months theoretical 
studies appeared, which give consideration to the 
presence of an individual defect. Jakubowicz [33] 
has given an analytical solution of the EBIC 
time-dependent problem for a weak point-like 
defect of capture radius reff• and point-like 
source. At sufficient large distances b (Fig. le) 
the EBIC decay after electron beam cut-off can be 
generally written as 
EBIC(t) = canst. [f(t, T,L,h) -
f(t, T,reff,L,H,h,b)] (28) 
or in a more compact form as 
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where tis the time, and the indices band dare 
related to the background current and to the 
contribution of the defect to the collected cur-
rent. The current versus time decay shows a com-
plicated non-linear dependence on the geometrical 
parameters of the system (h,H,b), the bulk pro-
perties (T,L), and the capture radius of the 
defect. 
Fig. 14a illustrates computational results 
for a single dislocation, regarded as a row of 
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Fig. 14. Plots of EBIC vs normalized time in the 
presence of a straight dislocation of infinite 
length, parallel to the collection plane of a 
semi-infinite sample. (a) The effective radius of 
the dislocation is the varying parameter. It has 
been assumed that both the dislocation and the 
point source are at the same depth H = h = 0.5 L. 
The distance between the dislocation and the 
source is equal to one diffusion length (x = L); 
(b) '.eff = 0.05 L, h = 0.5 L, x = L, His the 
vary, ng parameter, the symbol "O, 0011 means that 
the same curve is valid for both H=O and H=oo; 
!cl reff = 0.05 L, h = L, H = 2L, xis the vary-
ing parameter; 
(d) '.eff = 0.05 L, h = 0.5 L, H = 0.5 L, xis the 
varying parameter; 
(a), (b), (cl, and (d) correspond to Figs. 5b, 
8a, 6a and 6b, respectively, in Ref. 33. 
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point-like defects, parallel to the surface. The 
curves show a trend similar to the one observed 
experimentally in cathodoluminescence studies. 
Even without any localized defect (reff = 0) 
there is a rapid initial decay followed by a 
slower near- exponential one. The rapid initial 
decay is due to the boundary condition at the 
collection plane (see Fig. le) on = 0 (v = .,,). A 
similar effect has been predicted theoretically 
for the CL decay at high surface recombination 
velocities [5,35 ]. 
The effect of the dislocation is a more 
rapid decay of the current. 
A nonmonotonic character of the slope varia-
tions is observed at curves calculated for diffe-
rent dislocation depths (Fig. 14b). Notice that 
the curves in Fig. 14b cross. This effect appears 
due to the complicated geometry of the system, 
which makes the current decay nonexponential. 
The asymptotic slope (at large times) in 
Fig. 14b increases with increasing dislocation 
depth H, reaches a maximum and decreases with 
further increase of H. As can be expected, one 
gets the same slope for very small (curve H=O) 
and very large (curve H=00 ) dislocation depths. 
In both limit cases, one has a situation which 
corresponds to the absence of any defect (H=O 
means the defect belongs to the collecting plane 
with vs="', and H=oo means the defect is infinite-
ly far from the collecting plane). 
The decay changes provided by a defect, and 
thus their experimental detectability depend 
strongly on the set of parameters reff• H, h, x, 
and L. This is illustrated in Fig. 14c and d. It 
may be difficult to detect any changes when the 
defect is located at a depth much smaller than 
the diffusion length (Fig. 14d). Measurable chan-
ges can be expected at larger defect depths (Fig. 
14c). Calculations performed for a constant de-
fect depth and various electron ranges have shown 
that the decay slope can be maximized by selec-
ting an optimal electron beam accelerating vol-
tage. 
The system for decay measurements should be 
able to detect small signals, since any diffe-
rences in the initial part of the decay can be 
below the resolution limit of the method. On the 
other hand, at very long times one obtains an 
asymptotic slope which is controlled by the bulk 
lifetime only (see Figs. 14a and 14d; in Figs. 
14b and 14c the curves do not reach the long time 
regime). It results from the above that one 
should always find an optimal range in which the 
slope differences are maximal. 
Another limitation of this method may be due 
to the capacitance C of the collecting Schottky 
contact or p-n junction, and the series resi-
stance of the sample Rs. The time constant RC 
determines the minimal measurable lifetime. This 
problem was recently treated in detail by 
Romanowski et al. [67 ], who analysed the EBIC 
decay in the presence ·of a single grain boundary 
perpendicular to the surface. Fig. 15 shows EBIC 
versus time plots for three different values 
T!RsC. The influence of the time constant on 
the detectability of the grain boundary is evi-
dent. Whereas the grain boundary is easily detec-
table for T/RsC = 33, one can hardly distinguish 
the decays near and far from the grain boundary 
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when T/RsC = 3.3. 
A new EBIC time-dependent method of quanti-
tative defect evaluation has been developed re-
cently by Romanowski and Wittry (to be pub-
lished). They analysed the first harmonic of the 
AC-EBIC signal generated by a gated electron beam 
near a grain boundary and have shown that one can 
determine from the first harmonic the diffusion 
length in the grains, the lifetime, and the grain 
boundary recombination velocity. The analysis is 
performed for a point source and square wave 
generation function. The authors have used this 
method to evaluate lifetimes in polycrystalline 
Si. 
Final Remarks 
Further work on both CL and EBIC imaging of 
defects is still necessary. All theoretical cal-
culations dealing with EBIC and CL imaging as-
sumed the defect to be a region of enhanced re-
combination (black dot contrast). However, it is 
well known that in both modes defects may appear 
as bright spots. Recently, for example, Hwang et 
al. [30] suggested that oxygen precipitates at-
tract minority electrons in p-Si, but repel 
minority holes inn-Si, which is due to the fixed 
positive oxide charge of the precipitates. Since 
the precipitates have interface states acting as 
recombination centers it is clear that in p-Si 
they will appear as dark spots. Inn-Si, if the 
repelling potential will be large enough one will 
observe an increase of the EBIC signal when 
approaching the defect by the beam. A bright spot 
may be also seen in case of a defect acting as a 
gettering site for impurities, when the effect of 
the resulting denuded zone will be stronger than 
the effect due to recombination at the defect. 
Recently Jakubowicz and Habermeier suggested 













Fig. 15. Plots of ln [EBIC(t)/EBIC(t=O)] vs nor-
malized time in the presence of a semi-infinite 
grain boundary (in Si) normal to the x axis, for 
a point source located infinitely far (continuous 
line) and at a distance x = 3 l-111 (dashed line) 
from the grain boundary, calculated for L = 25 
i.m, v b x T = 100 µ11 and beam energy 30 keV. The 
varyi ~g parameter is T/RsC (Fig. 5 in Ref. 67). 
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contrasts f34 ]. Preliminary results (Jakubowicz, 
unpublished) show that bright and dark appearing 
defects, having equal effective action radii, 
yield contrast profiles of different half-widths. 
This means the two types of contrasts may be 
observed with a different spatial resolution. 
The situation may be even more complex in 
the case of the CL mode. For example, in addition 
to a reduced total lifetime the defect itself may 
be luminescent. If this luminescence will be 
strong enough the defect will appear bright. In 
Ref. 74 the dislocation appears dark although the 
total lifetime at the dislocation increases. This 
is probably due to an increase of the radiative 
part of the total lifetime at a practically con-
stant nonradiative component. Moreover, bright 
and dark contributions from the same defect may 
be spatially resolved, like in the case of "dot 
and halo" contrast [1 ]. In both CL and EBIC modes 
a reversal of the contrast sign has been ob-
served, which depends on the excitation level 
[34,1 j. This phenomenon is not fully understood. 
In (1 the CL contrast sign reversal has been 
explained by local heating of the specimen by the 
electron beam giving rise to a dominance of non-
radiative recombination. The sign reversal of the 
EBIC contrast, observed at oxygen precipitation 
related defects in Si (34 J, has been interpreted 
as a change of the effective recombination velo-
city at the defect. It is known that the effec-
tive recombination velocity depends on the exci-
tation level. Therefore, when the defect has a 
complex structure (for example an oxygen precipi-
tation related dislocation), it may depend on the 
excitation level whether the black or white dot 
contrast prevails. 
The majority of theoretical studies concen-
trated attention mainly on: (a) the geometrical 
aspects of EBIC and CL contrasts of defects, (b) 
the evaluation of a global parameter (the defect 
strength) characterizing the defect recombination 
activity, and (c) the evaluation of bulk parame-
ters in the presence of defects. It seems to the 
author that more theoretical work, which gives 
direct insight into the individual recombination 
processes, is necessary. Dopant concentration-, 
temperature-, and time-dependent measurements 
seem promising for this purpose. The defects 
should be represented as more realistic objects. 
Much more attention should be paid to CL 
imaging of defects, since this technique becomes 
more and more attractive for characterization of 
defects in semiconductor compounds used in opto-
electronics. In the CL mode both carrier and 
photon transport should be studied simultaneous-
ly. 
Recent applications of transmission electron 
microscopy and scanning transmission electron 
microscopy combined with CL require a theoretical 
treatment of CL contrast in very thin samples. As 
shown by Pennycook (62] the spatial resolution of 
CL images depends strongly on the sample thick-
ness, improving with its decrease. However, reso-
lutions obtained experimentally differ from the 
ones predicted by a former theoretical estimation 
(62 ]. 
Extensive experimental work has been per-
formed on spectral properties of defect lumines-
cence (see for example (63,2,52]). It has been 
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shown, for instance, that different radiative 
transitions may exhibit different contrast be-
havior (52 ]. Theoretical studies in this field 
could make easier the task of "deciphering" the 
structure, and electrical and optical properties 
of individual defects. 
List of Symbols 
A area of the contrast profile. 
b distance between the source and the defect. 
c contrast. 
c 1 EBIC contrast in first-order approximation. ck non-linear EBIC contrast (due to higher order 
approximations). 
cEBIC EBIC contrast. 
ccL CL contrast. 
C capacitance of the collecting Schottky contact 
or p-n junction. 
D minority carrier diffusion coefficient. 
ed min minimal detectable line density for 
l1fte-shaped defects. 
FA correction function for reabsorption losses. 
F, Fogt geometrical factors involved in contrast. 
FR c rrection function for reflection losses. 
g number of generated electron-hole pairs per 
unit time and volume. 
h position of the generation volume. 
H depth of the defect. 
I diffusion current. 
I
0 
EBIC signal measured when the beam is located 
infinitely far from the defect. 
Id(x,y) EBIC signal measured when the beam is 
located at a distance (x 2+y2 ) 112 from the defect. 
k the relative error of the first-order appro-
ximation EBIC contrast. 
£ radius of dislocation. 
L minority carrier diffusion length. 
Ld minority carrier diffusion length inside the 
defect region. 
Nd density of recombination centres. 
nd min minimal detectable number of centres for 
point-like defects. 
P area of the collecting barrier. 
p an adjustable parameter for modeling grain 
boundaries by a function L(x). 
q magnitude of electronic charge. 
r representation of coordinates in three dimen-
sions. 
R primary electron range. 
reff effective capture radius. 
Rs series resistance of the sample. 
t time. 
T temperature. 
V volume of the sample. 
vs surface recombination velocity. 
vq.b. recombination velocity at a grain boun-
dary. 
w half-width of a contrast profile. 
x,y,z cartesian coordinates. 
Y length of dislocation. 
z 0 depth of the collecting barrier. 
a optical absorption coefficient. 
y recombination strength of a dislocation. 
Yd strength of a defect. 
r recombination strength of point-like/line 
defects. 
on density of excess minority carriers. 
n recombination efficiency of a defect. 
Theory of EBIC and Cathodoluminescence Contrasts 
"CL internal quantum efficiency. 
0 = CCL/emf C. 
v}h therma velocity of minority carriers. 
a variance of the contrast profile. 
ad capture cross-section of recombination 
centres. 
T lifetime of minority carriers. 
Td _minority carrier lifetime inside the defect 
region. 
Tn non-radiative lifetime. 
Tr radiative lifetime. 
¢ grain boundary barrier height. 
~ carrier collection probability. 
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Discussion with Reviewers 
S. Myhajlenko: The recent use of STEM/TEM EBIC 
and CL in defect studies of II-VI and III-V semi-
conductors has produced some improvement in spa-
tial resolution, typically 100 nanometers. The 
theory of EBIC/CL defect contrast in very thin 
samples suitable for TEM analysis has yet to be 
properly explored. We expect the resolution to be 
limited by the Debye screening length. This limit 
should also apply to low voltage SEM applications 
and therefore will be relevant to some of the 
theoretical treatments described. What are your 
comments on the contribution the Debye tail would 
have on the contrast behaviour as a function of 
temperature in this matter? 
Author: In a system in which the diffusion length 
and generation volume are not the limiting fac-
tors for the resolution, the latter will be de-
termined by a characteristic screening length 
which depends on the concentration of free car-
riers and the density of charge in fixed posi-
tions (ionized atoms, trapped carriers). Since 
both the fixed charge and the density of free 
carriers depend on the Fermi energy, one may 
expect a rather complex temperature behavior of 
the screening length, and consequently of the 
temperature dependence of the resolution. A quan-
titative estimation of this dependence would 
require solving the Poisson's equation for all 
charges present in the system. The effect may be 
in some cases considerable. For example, Mani-
facier and Henisch [J. Phys. Chem. Solids 41, 
1285 (1980)] showed that one may have to do with 
an effective screening length differing signifi-
cantly from the Debye length, if traps are added 
to a material. It therefore seems that an im-
provement of the resolution by temperature varia-
tion is possible. 
Reviewer I: You mention that the EBIC spatial 
resolution is limited by the defect depth or 
extension of the generation volume. Could you 
comment on factors influencing CL spatial resolu-
tion in the vicinity of a defect? 
Author: The spatial resolution of EBIC and CL 
aejjerias on the defect depth and extension of the 
generation volume. In a system in which these 
factors do not limit the resolution i.e. the 
appropriate parameters are small enough) three 
other factors become important: the diffusion 
length, the probe diameter, and the screening 
length (Debye tail). In the CL mode the resolu-
tion problem is, however, more complex. As dis-
cussed in the paper, a CL micrograph taken at a 
singular frequency of radiation may show better 
resolution than the same micrograph obtained by 
using the integral CL signal, if the optical 
absorption coefficient is a function of frequen-
cy. A similar effect will appear, if individual 
532 
frequencies of defect luminescence can be attri-
buted to different geometrical parts of the de-
fect (for example to the core and Cottrell atmo-
sphere of a dislocation, respectively). Some 
other factors connected with photon transport may 
also be of importance. Assume, for example, the 
defect to be a region of enhanced absorption for 
light produced outside the defect. The spatial 
resolution of such CL contrast may depend for 
example on the critical angle of total reflection 
at the surface, the quality of the surface, and 
the thickness of the sample. In thin samples the 
resolution may be affected by optical interfe-
rence effects. 
C. Donolato: The results of Ref. 55 on the tempe-
rature dependence of the EBIC contrast of dislo-
cations are interpreted as supporting the Au-
thor's nonlinear model. Please comment on the 
alternative explanation of those results given in 
Ref. 27 (J. Physique 47,171 (1986)). 
Author: The argumentspresented in Ref. 27 re-
quire the existence of a non-separable function 
y( ,-,T), i.e. it should be 
y( '-,Tl * Y1( ,_) Yz(Tl · 
However, if y is separable one obtains 
~ = yl( "i) Yz(T) 
ci (T ol Y/ "i l Yz(T ol 
(A) 
(B) 
that means the factor y 1( "i) cancels, and the 
normalized contrast becomes independent of the 
index i. In other words, the explanation presen-
ted in Ref. 27 is adequate only if the condition 
(A) is fulfilled. In a recent theory [77) it has 
been shown that in general one has 
y = y
1
( ,-) T f( ,-,T) (C) 
This result supports the arguments given in Ref. 
27. On the other hand, the authors of Ref. 77 
claim that in the temperature range of interest 
(where the contrast is a linear function of the 
temperature) equation (C) can be approximated 
with a good accuracy by a function 
y = y 
1 
( ,-) T • ( D) 
If this approximation is applicable then in the 
light of the new theory the explanation given in 
Ref. 27 fails. 
D. Kohler: The collecting barrier is usually 
represented by a plane of infinite recombination 
velocity. What do you think about the validity of 
this approximation and have any attempts been 
made to solve a modified field-dependent continu-
ity equation? 
Author: Representing the collecting barrier by a 
pTarieof infinite recombination velocity is a 
good approximation as long as carriers are swept 
out of the depleted region with a velocity much 
higher than the diffusion velocity in the neutral 
bulk of the material (i.e. as long as the demand 
of the collecting barrier for carriers is nuch 
higher than the offer by the neutral bulk). Such 
an approximation is justified for excitation 
sites not too close to the depleted region, and 
under low excitation and short-circuit condi-
tions. There have been made calculations of the 
field-dependent problem (see [46]), yet to my 
knowledge no successful theory has been pub-
lished, which takes into account the presence of 
a local defect such as for example a dislocation. 
Theory of EBIC and Cathodoluminescence Contrasts 
An attempt in this direction are the works of 
Mil 'shtein (50] and Mil 'shtein et al. (49]. 
C. Donolato: In the introductory section it is 
stated that only defects located outside the 
depletion layer will be considered. However, it 
often occurs in practice that a defect (e.g. a 
dislocation or a stacking fault) lies, at least 
in part, in the depletion layer of the device 
being investigated. Which modifications of the 
EBIC contrast theory are required to include this 
case? 
Author: In a general case the electric field-
dependent problem should be solved (see also 
discussion with D. Kohler). In many practical 
situations, however, reasonable corrections may 
be sufficient. 
G. Koschek: Which modifications of your theory 
would be necessary to explain bright contrasts in 
CL or EBIC imaging of defects also theoreti-
cally? 
Author: In my theory the defect is described by 
an"e'ITective capture radius, and consequently it 
appears as a dark spot in the EBIC image. It al so 
appears dark in the CL mode if non-radiative 
transitions are dominating in contrast formation. 
To transfer this theory to bright contrasts it is 
enough to assume the defect to be characterized 
by an appropriate effective "repulsion radius". 
This can be done for both EBIC and CL if the 
contrast is either due to locally reduced recom-
bination or due to the presence of a local poten-
tial repulsive for minority carriers. 
S. Myhajlenko: Some recent theoretical studies 
discuss the merits of combined EBIC and CL defect 
contrast measurements, for example, L. Pasemann 
and W. Herget, Ultramicr. vol. 19, p. 15 (1986). 
In general, the experimental excitation require-
ments for the two modes can differ by orders of 
magnitude. This may invalidate some of the ini-
tial assumptions. Any comments? 
Author: To compare EBIC and CL contrasts one 
sfiou1a measure both contrasts at the same excita-
tion level. The fact that the experimental exci-
tation requirements for EBIC and CL can differ by 
orders of magnitude does not exclude the possibi-
lity of satisfying that condition. Nothing hin-
ders one from measuring EBIC signals at an exci-
tation level which is high enough to get also a 
detectable CL signal. There is only a danger that 
for both signals the low excitation conditions 
will not be satisfied. On the other hand, how-
ever, there are practical situations in which 
detectable CL signals occur at not too high car-
rier injection levels. By using a large area 
silicon solid-state detector mounted in the SEM 
specimen chamber above the sample I could measure 
rather easily CL contrasts from dislocations in 
GaAs at a beam current Ib-10- 9 A and accelerating 
voltage U•25-30 kV (I did not check the lower 
limit of excitation conditions sufficient for 
making the CL detectable). 
S. Myhajlenko: In light of recent advances in the 
theory of CL defect contrast, what progress does 
the author anticipate with the general task of CL 
quantification? In particular, in the direction 
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analogous to quantitative X-ray microanalysis. 
This would be beneficial for semiconductors given 
the detection sensitivity of 'optically active' 
impurities by CL is many orders of magnitude 
better than by X-rays. 
Author: This is a difficult question. Defects can 
be complex objects, surrounded by electrostatic 
potential barriers, with different mechanisms 
involved in recombination. They can have various 
geometrical shapes. All this complicates the 
analysis of the contrast, since each defect re-
presents a local boundary condition for the ex-
cess carrier transport problem. In addition such 
parameters as temperature and excitation level 
may affect the properties of the defect and its 
surrounding. Another difficulty results from the 
strongly non-linear dependence of the absorption 
coefficient on the wave length of radiation. The 
effect of reabsorbed recombination radiation, and 
reflection at front and back surfaces should also 
be considered. Therefore I see some problems in 
making CL a routine quantitative technique. All 
these problems are a challenge to theoreticians 
and experimentalists. The theory of CL defect 
contrast is in my opinion still at an initial 
stage. 
Reviewer I: Correlation of bright or dark dots 
with individual dislocations is relatively 
straightforward using TEM CL. Could you comment 
on the relative merits of TEM CL and SEM CL for 
obtaining an understanding of defect recombina-
tion mechanisms? 
Author: Both techniques have advantages and dis-
advaritages. Let me comment on a few important 
points. The most attractive features of TEM CL 
are: the possibility of correlating directly the 
recombination properties of an individual defect 
with its type and structure, and in most cases a 
much better spatial resolution compared to SEM 
CL. On the other hand, in contrast with SEM CL, 
TEM CL is a destructive method, requires prepara-
tion of samples, and is in many cases much more 
difficult for interpretation (the effect of the 
specimen thickness, strong influence of surface 
recombination, flatness of the specimen, optical 
interference effects, overlap of electrical 
fields associated with defects and near-surface 
regions). An attractive feature of SEM CL is the 
possibility to correlate easily CL with EBIC 
(such a correlation by using TEM CL requires much 
more skill). 
G. Koschek: In section "Effective and true 
recombination velocity" it is mentioned that 
nonlinear effects can be minimized by low 
excitation. Please give an example to illustrate 
this statement. 
Author: The problem of non-linear effects due to 
excitation dependent effective recombination 
velocities at grain boundaries is discussed in 
detail in Ref. 76. As illustration of this 
problem the authors have presented results for 
unpassivated and passivated grain boundaries in 
Wacker polycrystalline silicon. 

